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ABSTRACT
It is shown that if the Sun passed through a
T Tauri stage, then a mass loss of only 15% would be
sufficient to despin the Sun to an angular velocity of
0(105 rad/sec) at 107 years without the additional
braking effect of an enhanced magnetic field. Thus
the present Sun could have a core rotating at most
ten times faster than its surface.
The Early Despinning of the Sun
I.	 Introduction
The present rotation rate of the Sun's surface,
2.9 x 10-6 rad/sec, is much smaller than its breakup
angular velocity, 4.2 x 10-4 rad/sec. If, then, the Sun
is in uniform rotation, it must have lost considerable
angular momentum during the course of its evolution. The
possibility that the Sun is in rapid rotation beneath its
surface has been proposed by Dicke and Goldenberg (1967)
to account for their observation of a solar oblateness.
It has been shown by Goldreich and Schubert (1967) that
only the effects of mean molecular weight gradients in
the radiative interior of a star can stabilize an angular
velocity distribution in which the angular momentum per
unit mass decreases with distance from the rotation axis.
Thus if the Sun lost angular momentum prior to the forma-
tion of. the stabilizing mean molecular weight gradients,
the rapid turbulent diffusion of angular momentum, which
arises when the stability condition is violated (Goldreich
and Schubert 1967) would insure that the solar interior
as well as the surface was despun.
If the Sun is assumed to have passed through a
T Tauri-like phase during its contraction, it could have
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lost considerable angular momentum before nuclear burning
commenced. For T Tauri mass loss rates of 0(10 -8 Mo/yr)
(Kuhi 1964), where M.) = 2 x 10 33 gm, the Sun could have
despun to rotation rates of 0(10 -5 rad/sec) within tens
of millions of years, even without the braking effect of
an enhanced solar magnetic field. Kraft (1967) has re-
ported a rate of 0(10-5 rad/sec) for stars of about 1
solar mass and age 3 x 10 7 years. Thus the angular vel-
ocity of the Sun could have been reduced an order of
magnitude below its breakup rate of 0(10-4 rad/sec) at
the onset of nuclear burning at 0(10 7 yr) (Iben 1965).
Subsequent braking by the solar wind could easily reduce
the surface angular velocity of the Sun to its present
value leaving the interior rotating at best several times
'more rapidly than the surface.
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II.	 Theoretical Model
We assume that the Sun passed through a T Tauri
phase during its slow contraction to a stable stage of
hydrogen burning. T Tauri stars are characterized by an
average mass loss rate of 0(10 -8
 M./yr.) and photospheric
material ejection velocities of 0(10 2
 km/sec) (Kuhi 1964).
It is reasonable to assume that at such an active period
in a star's evolution as the T-Tauri stage, there is a
corona in which the ejected material is heated and sub-
sequently accelerated in the manner of a solar wind.
Since photospheric ejection velocities are 0(10 2 km/sec),
it must be true that at the coronal base of a T Tauri
star the velocities are also 0(10 2 km/sec).
An enhanced solar magnetic field could have
existed in the T Tauri stage (Babcock (1958) has placed
an upper limit of 103
 gauss on the magnetic field of
T Tauri). Even without the additional braking effect
of such an enhanced field, tho T Tauri mass loss is quite
effective in despinning the Sun. Thus we will consider
a spherically symmetric, nonmagnetically controlled expan-
sion of the T Tauri wind from its coronal base.
An estimate of the maximum magnetic field,_ B,
consistent with the assumption of a spherically symmetric
expansion can be made by equating the Alfven speed with
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the material ejection velocity at the coronal base,
vs =-Bs/(4Trp s ) 1/2 where P is the density and the sub-
script s refers to conditions at the coronal base.
Combining this with the mass loss rate 4trr 2 P sys (rs is
the radius of the coronal base), we find
[131(M/10-T
 MO)vs 1/2
B	 gauss,
s	 (rs/R0) 2
where in this equation the units of v s are km/sec, the
units of the mass loss rate M are gm/yr and RD = 6.96 x
1010 cm. This result is presented in.Figure 1, where Bs
is shown as a function of v s with (M/10-7 M0)/(rs/R0)2
as a parameter. For a given value of v s and the para-
meter, the value of Bs is the maximum magnetic field
that could exist at the coronal base if the expansion is
not to be magnetically controlled. For T Tauri values of
vs , M and ra , the magnetic field could be as large as
1-100 gauss and the expansion would still be spherically
symmetric.
For a star of mass M, radius R and moment
of inertia kMR2 , the angular momentum equation is
(1)
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dt (kMf2R2)	 3 0srs dt (Mestel 1968),	 (2)
where n is the angular velocity. This equation integrates
to
2a2 
_ 1
^	 1 2 ( i 3kOi	 R	 M i_ (	 (3)
where rs = aR, a and k have been assumed constant,
ps has been assumed equal to 0, and the subscript i
refers to an initial reference condition in the T Tauri
stage. We will assume that ni is the breakup angular
.velocity for the state M  and R i , and that at 107 yr.
M = M^ and R = R.. Equation (3) becomes
2a 2 3_
 2
^(18 7 yr) ^, 4 x 10_4 R 
)1/2 j% )
Msec 
_1
I 
	
3k
O	 1
(4)
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III.	 Discussion
It is reasonable to suppose that during the
T Tauri stage the Sun contracted by a factor of 50. The
ratio of initial to final mass is between 1 and 1.5 for
average mass loss rates of 0(10 -8
 M(/yr) for periods of
107 yrs. The parameter 2a 2/3k - 3/2 could vary from
about 3 to 40 since a = r s/R is between 1 and 2, and
k is .134 for a fully convective star built on the 3/2
polytropic model (Roxburgh 1966) and k = .06 for the
present Sun.
Figure 2 shows a plot of p(10 7 yr.) vs.
2a2/3k - 3/2 for several values of Mi/M0 and for
Ri/R0 = 50. For mass loss rates in agreement with
the observations of Kuhi, the Sun is easily spun down
to angular velocities of order 10 -5 rad/sec.in 107 years.
Kraft (1967) has reported such a rotation rate for a
solar mass star with an age of several tens of millions
of years. A mass loss of 10% is sufficient to despin
the Sun to critical rotation rates of 0(10 -4 rad/sec)
(Mestel 1968) and only a slightly higher mass loss, say
about 15%, is needed to despin an additional order of
magnitude. Of course, if negligible mass loss is assumed,
despinning could be accomplished by a moderately enhanced
magnetic field.
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Nuclear burning begins at times of 0(10 7
 yr.)
("Iben 1965), after the completion of the T Tauri phase,
when the solar spin rate is only 10% of its breakup
angular velocity. Thus we would expect the present
Sun to be rotating uniformly with the surface angular
velocity, except for a small core of radius - 0(.1 R^)
which by virtue of stabilizing mean molecular weight
gradients would be spinning at most 10 times faster.
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FIGURE CAPTIONS
Figure 1	 The maximum magnetic field at the coronal
base Bs
 vs. the material ejection velocity
at the coronal base v s
 for various values
of 6/10-7M0)/(Rs
/RQ) 2
 yr-1.
Figure 2	 The angular velocity of the Sun at 10 7 yr.
vs. the quantity 2a2/3k - 3/2 for several
values of Mi/M0.
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